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The zebrafish caudal fin provides a simple model to study molecular mechanisms of dermal bone regeneration. We previously showed that
misexpression of Bone morphogenetic protein 2b (Bmp2b) induces ectopic bone formation within the regenerate. Here we show that in addition to
bmp2b and bmp4 another family member, bmp6, is involved in fin regeneration. We further investigated the function of BMP signaling by
ectopically expressing the BMP signaling inhibitor Chordin which caused: (1) inhibition of regenerate outgrowth due to a decrease of blastema
cell proliferation and downregulation of msxb and msxC expression and (2) reduced bone matrix deposition resulting from a defect in the
maturation and function of bone-secreting cells. We then identified targets of BMP signaling involved in regeneration of the bone of the fin rays.
runx2a/b and their target col10a1 were downregulated following BMP signaling inhibition. Unexpectedly, the sox9a/b transcription factors
responsible for chondrocyte differentiation were detected in the non-cartilaginous fin rays, sox9a and sox9b were not only differentially expressed
but also differentially regulated since sox9a, but not sox9b, was downregulated in the absence of BMP signaling. Finally, this analysis revealed the
surprising finding of the expression, in the fin regenerate, of several factors which are normally the signatures of chondrogenic elements during
endochondral bone formation although fin rays form through dermal ossification, without a cartilage intermediate.
© 2006 Elsevier Inc. All rights reserved.Keywords: BMP signaling; Zebrafish; Fin regeneration; Chordin; Runx2; Col10a1; Sox9; Col2a1; Intramembranous boneIntroduction
Teleosts, including zebrafish, are among the very few
vertebrate organisms that possess the ability to regenerate
many organs and tissues following amputation or injury during
adulthood (for reviews, see Akimenko et al., 2003; Poss et al.,
2003). The relative simplicity and the easy access of the caudal
fin and of its skeletal elements make it an excellent system to
dissect the molecular pathways involved in bone regeneration
(Akimenko et al., 2003; Poss et al., 2003). The skeletal elements
of the ray, called lepidotrichia, are acellular and mineralize
directly from bone matrix in a manner that is equivalent to⁎ Corresponding author. Ottawa Health Research Institute, 725 Parkdale
Avenue, Ottawa, ON, Canada K1Y4E9. Fax: +613 761 5036.
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doi:10.1016/j.ydbio.2006.08.016intramembranous bone formation (Geraudie and Landis, 1982;
Santamaria et al., 1992). On the other hand, the fin endoskeleton,
which is the support of the fin rays and is located at the base of
the fin, forms by endochondral ossification and has a
cartilaginous origin (Crotwell et al., 2004; Grandel and
Schulte-Merker, 1998). While resection of the fin at the level
of the endoskeleton is not followed by regeneration, amputation
of the dermal fin rays results in complete replacement of the lost
structures within approximately 3 weeks (Akimenko et al., 2003;
Mari-Beffa et al., 1996). Ray regeneration is possible because of
the formation, shortly after amputation, of a mass of undiffer-
entiated and proliferating cells called a blastema, distal to the
stump of each ray (Akimenko et al., 2003; Becerra et al., 1996;
Poleo et al., 2001; Poss et al., 2003). This blastema proliferates
beneath the wound epidermis which is composed of a well
defined basal layer of cuboidal epithelial cells covered by a
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1996). As blastemal cells leave this area, they differentiate to
give rise to all the cell types involved in the regeneration of
connective and skeletal tissues. The differentiation program
leading to bone regeneration begins with the differentiation into
scleroblasts of blastemal cells in contact with the epidermal
layer. These cells then synthesize and release the dermal bone
matrix in the subepidermal space. As the dermal bone matrix
accumulates, it will progressively mineralize, beginning in the
proximal (more mature) region of the regenerate (Akimenko et
al., 2003; Becerra et al., 1996; Geraudie and Landis, 1982; Mari-
Beffa et al., 1996). To date, little is known about the signals that
govern bone regeneration within the fin but likely candidates are
members of the bone morphogenetic family of proteins (BMPs).
BMPs are secreted growth factors whose signaling regulates
many aspects of skeletal development and play important roles
in embryonic growth and patterning in both vertebrates and
invertebrates (Balemans and Van Hul, 2002; Graff, 1997;
Hogan, 1996; Wan and Cao, 2005). Bmp2, 4 and 6 are the
members of the BMP family thought to play the most important
roles in skeletogenesis. They are involved in differentiation of
chondrocytes to form cartilage (Minina et al., 2001; Yoon and
Lyons, 2004), and both differentiation and maturation of cells of
osteoblastic lineages which will give rise to bone (Canalis et al.,
2003; Rickard et al., 1994; Thies et al., 1992; Wan and Cao,
2005; Yamaguchi et al., 1991). Bmp2 is considered one of the
most potent extracellular signaling molecules that stimulates
bone formation and osteoblast differentiation (Choi et al.,
2005). Upon short exposure to Bmp2, mouse C2C12 cells
become committed to the osteoblast lineage (de Jong et al.,
2004). Bmp6 is abundantly expressed in hypertrophic chon-
drocytes (Inada et al., 1999; Iwasaki et al., 1997) and stimulates
chondrogenic and osteogenic phenotypes in vitro (Boskey et al.,
2002; Ebisawa et al., 1999; Grimsrud et al., 1999; Kugimiya et
al., 2005). In vivo studies show that while Bmp2+/− mice and
Bmp6−/− mice present no skeletal abnormality, compound
deficient mice (Bmp2+/−;Bmp6−/−) exhibit mild growth retar-
dation and trabecular bone deficit due to impaired osteoblast
differentiation or function. These results suggest that, in vivo,
Bmp2 and Bmp6 cooperate to regulate bone formation (Boskey
et al., 2002; Ebisawa et al., 1999; Grimsrud et al., 1999;
Kugimiya et al., 2005). Besides the obvious role of BMPs in
skeletal development, they also regulate a wide range of cellular
processes including proliferation, differentiation, motility,
adhesion, cell death and specification of developmental cell
fate during embryogenesis (Hogan, 1996; Massague, 2000;
Wozney, 2002; Yamamoto and Oelgeschlager, 2004). BMPs
have recently been linked to regeneration in both the larval tail
of Xenopus laevis (Beck et al., 2003; Satoh et al., 2005; Slack et
al., 2004; Sugiura et al., 2004) and the digit tip of fetal mice
(Han et al., 2003, 2005).
Previous analyses have shown that at least two members of
the bmp gene family, bmp2b and bmp4, are expressed during
regeneration of the zebrafish caudal fin (Laforest et al., 1998;
Murciano et al., 2002). bmp4 expression is restricted to the
distal blastema indicating a possible role in controlling
blastemal cell proliferation and regenerate outgrowth (Murcianoet al., 2002). bmp2b, on the other hand, is expressed in the
newly differentiating scleroblasts located at the level of the
proximal blastema as well as in the adjacent cells of the basal
epidermis, suggesting a role in bone formation (Laforest et al.,
1998). This hypothesis was supported by the fact that ectopic
expression of Bmp2b between regenerating fin rays can induce
ectopic bone matrix deposition leading to fusion of the bones of
sister rays (Quint et al., 2002). Furthermore, ectopic bone was
only observed in the interface between the basal epidermal cells
and the blastema, suggesting that epithelial–mesenchymal
interactions are probably involved in the differentiation of the
blastema cells into scleroblasts and/or the correct patterning of
the bone. Such interactions are likely to involve the BMP and
Hedgehog signaling pathways as gene expression analyses first
suggested. Two members of the Hedgehog family are expressed
in complementary domains which overlap with the bmp2b
expression domain: sonic hedgehog (shh) transcripts are found
in the basal epidermal cells and one of the zebrafish orthologues
of the indian hedgehog gene (ihha) is expressed in the
scleroblasts while patched 1 (ptc-1), the receptor of hedgehog
signals, is expressed in a pattern very similar to that of bmp2b
(Avaron et al., 2006; Laforest et al., 1998).
In this report, we further investigated the role of BMP
signaling during fin regeneration. We isolated a cDNA fragment
of the zebrafish bmp6 gene, a yet uncharacterized member of
the BMP family in zebrafish, and showed that its expression
pattern suggests a role in fin growth and bone formation. We
then inhibited BMP signaling by the ectopic expression of
Chordin in the ray blastema. Chordin, through its binding to
BMP factors including Bmp2/4/5/6/7, inhibits BMPs' interac-
tions with their receptors and thus inhibits BMP signaling
(Bachiller et al., 2003; Nakayama et al., 2004; Piccolo et al.,
1996). We found that Chordin misexpression induces a transient
arrest of fin outgrowth. This effect, which is correlated with a
drastic decrease in blastema cell proliferation, is probably
caused by the inhibition of Bmp4 and possibly Bmp6 signaling
in the distal blastema cell population. In addition, Chordin
misexpression induces a delay in bone matrix deposition and
scleroblast function as indicated by a delay in both ray
mineralization and bone thickening and is most likely due to
the inhibition of Bmp2b and Bmp6 signaling. The observed
bone defects led us to examine the known downstream targets
of BMP signaling involved in cartilage and bone formation in
other species. We first demonstrated that many of these factors
were expressed in cells involved in bone formation. We found
that, in the fin regenerate, the major osteogenic transcription
factors Runx2a and Runx2b are under the control of BMP
signaling. More unexpectedly since fin rays are described as
dermal bones, we found that the transcription factors associated
to cartilage formation, sox9a and sox9b, are differentially
expressed within the fin regenerate, and sox9a, but not sox9b,
expression, depends on BMP signaling. The expression of sox9
genes and other chondrocyte specific factors in higher
vertebrates, including the signaling molecule Ihha and the
extracellular matrix molecules Col10a1 (Avaron et al., 2006;
Padhi et al., 2004) and Col2a1 (this study and Johnson and
Weston, 1995), would not be a surprise in chondrocytes leading
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dermal bones. Altogether, this study provides evidence that
within the fin regenerate BMP signaling regulates genes
associated with both bone and cartilage formation.
Materials and methods
Animals
Zebrafish were obtained from our animal colony and maintained at 28.5°C.
All experiments were performed in adult fish (6 to 12 months old).
Fin amputation
Adult fish were anesthetized using 0.6 M tricaine, and caudal fins were
amputated one or two segments proximal to the origin of bifurcation.
Plasmid constructs
The Chordin-expressing construct (kindly provided by M. Halpern,
Carnegie Institute of Washington, Baltimore) is a 2.5 kb fragment encoding
the zebrafish chordin cDNA inserted into the pCS2+ expression vector
containing the CMV promoter (Miller-Bertoglio et al., 1997). The pEGFP-N1
construct (Clontech) (from here referred to as enhanced green fluorescent
protein, EGFP) was also under the control of the CMV promoter.
Construct injections
500 ng of the Chordin- and of the EGFP-expressing plasmid constructs was
injected into each blastema of the regenerating rays of the ventral half and dorsal
half of the caudal fin, respectively. Fins were injected at 3 days post amputation
(dpa) and allowed to regenerate for 1–9 days depending on the experiment. For
statistical analysis, the length of the regenerating rays was measured before
injection (3dpa) and thedays following injectionusingNorthernEclipse software.
Each individual raywasmeasured from the level of amputation to the distal end of
the regenerate. The length of each ray was compared to the length of the
corresponding ray on the opposite side. Rays on both sides were numbered from0
to 6, ray 0 being the outermost non-bifurcating ray (Fig. 1E). The six central-most
and smallest fin rays (rays number 7 to 9) were not included in this analysis.
Injection of EGFP was used as a control and allowed us to test the injection
efficiency by visualizing the cells expressing the injected DNA (Fig. 1D).
Analysis of the effect of Chordin expression on ossification was performed
on regenerates at 6 days post injection (dpi). The regenerates were fixed in 4%
paraformaldehyde (PFA) in PBS overnight at 4°C then rinsed with PBS and
stained with 0.01% Alcian blue in 70% ethanol and 30% acetic acid for 6 h at
room temperature. Following staining, fins were dehydrated in an ethanol series
and stored in 100% ethanol overnight. The fins were rehydrated, stained in 0.1%
Alizarin red solution with 0.5% KOH for 4–5 h at room temperature and rinsed
in water overnight.Fig. 1. Expression of bmp2, 4 and 6 on longitudinal sections of 4 dpa fin
regenerates using in situ hybridization. (A) bmp6 is expressed in the sclero-
blasts, cells medial to the actinotrichia (arrowhead), cells of the basal layer of
the epidermis in the distal part of the regenerate and the proliferating blastema.
(B) bmp4 expression is restricted to the distal blastema (arrowhead). (C) bmp2b
expression is found in the newly differentiating scleroblasts and in the adjacent
cells of the basal layer of the epidermis (arrow). (D) EGFP expression in 20 to 50
mesenchymal cells 1 day after in vivo transfection bymicroinjection of the CMV-
EGFP reporter construct into the blastema of three fin rays at 3 dpa. (E) Zebrafish
caudal fin 3 days following injection of the CMV-EGFP construct in the blastema
of rays 1 to 6 of the dorsal half of the fin and of the CMV-chordin construct in the
ventral (V) rays (1–6). Outermost non-bifurcating rays (rays 0) were not counted.
Arrows in panels D and E indicate the level of amputation. D, dorsal; V, ventral.
1–6 represent ray number. r, fin ray; s, scleroblasts; b, blastema; ble, basal layer of
the epidermis. Scale bars: (A–C)=25 μm, (D)=100 μm, (E)=400 μm.Gene expression analyses on chordin and EGFP-injected fin rays were
performed at 1 or 2 dpi. Fin regenerates were processed for whole-mount in situ
hybridization or sectioned (16 μm) using standard cryosectioning procedures
(Quint et al., 2002) and processed for in situ hybridization or immunostaining.
In situ hybridization
In situ hybridization on whole-mount fins (Akimenko and Ekker, 1995;
Jowett, 1997) and in situ on cryosections (Quint et al., 2002) were performed as
previously described. Digoxigenin labeled antisense riboprobes were generated
using the following cDNAs: msxb (1.12 kb) (Akimenko et al., 1995), chordin
(2.5 kb) (Fisher and Halpern, 1999), shh (2.5 kb) (Roelink et al., 1994), ihha
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runx2a (NM_212858) and runx2b coding sequences (NM_212862) were
obtained by RT-PCR from cDNA of 4 dpa fin regenerate using the following
primers: runx2a forward 5′CCACGCCGAACTCCTTCAATC3′, runx2a
reverse 5′TCAATATGGCCGCCACACGGA3′, runx2b forward 5′ATGCG-
CATTCCCGTAGATCC3′ and runx2b reverse 5′TCAATACGGCCTCCAA-
ACGCC3′. The probes synthesized from the runx2a and runx2b cDNAs were
700 bp and 1.3 kb long, respectively. The col10a1 probe (713 bp) was made
from the zebrafish 1-A06 clone (Padhi et al., 2004). The sox9a (758 bp) and
sox9b (1.27 kb) cDNAs were isolated from 4 dpa fin regenerate using
previously published primers (Chiang et al., 2001). The bmp6 cDNA fragment
(705 bp) was obtained by RT-PCR from cDNA of 4 dpa fin regenerates using
the following primers designed from the zebrafish EST fw719d09: bmp6
forward 5′GCACCTGAAGGCTACGCAGCA3′ and bmp6 reverse 5′
ACAACGCTAGCATCTGCTAGC3′.
BrdU analysis
Following injection at 3 dpa, fish were placed in fish system water
containing 50 μg/ml BrdU (5-bromo-2′-deoxy-uridine, Roche 280879) for 16 h.
Regenerates were collected and fixed in 4% PFA in PBS overnight at 4°C, rinsed
in PBS and processed for cryosectioning (16 μm). Proliferating cells on
cryosections were immunodetected as described in Poleo et al., 2001 using a
1:250 dilution of the mouse anti-BrdU monoclonal antibody (Sigma) then
processed as described below.
Immunodetection
Detection of differentiated scleroblasts on fin sections was performed
using the Zns-5 monoclonal antibody (dilution 1:200; Zebrafish Resource
Centre, Eugene Oregon). Binding was revealed using a biotinylated anti-
mouse IgG secondary antibody (dilution 1:150). Zns-5 antibody detection
was visualized with a Peroxidase ABC-Vectastain kit (Vector laboratories,
PK4001).
Results
bmp6 expression suggests a role in growth of the regenerate
and bone formation
Due to its known role in both osteoblast differentiation and
function, we characterized a cDNA fragment of the zebrafish
bmp6 gene and examined its expression during fin regeneration.
We identified an EST assembly (wz42215.1) of 762 bp from the
Washington University zebrafish EST database (http://fisher.
wustl.edu/fish_lab/cgi-bin/search.cgi) whose sequence presents
a strong similarity with the mouse and human BMP6 proteins
(98%/93% similarity/identity with the corresponding mouse
and human BMP6 fragments). We designed primers from the
EST assembly wz42215.1 to amplify a 705 bp fragment by RT-
PCR on RNA prepared from 4 days post amputation (dpa) fin
regenerates. This fragment was used to synthesize an antisense
RNA probe to compare bmp2b, bmp4 and bmp6 expression
during the outgrowth phase of fin regeneration. At 4 dpa, bmp6
transcripts are detected in the proliferating blastema, the basal
epidermal layer, the newly differentiating scleroblasts adjacent
to the basal epidermal layer and more medial cells surrounding
the actinotrichia (Fig. 1A). The expression domain of bmp6 is
much broader than that of bmp4 in the blastema (Fig 1B and
Murciano et al., 2002) and extends more proximally in the
differentiated scleroblasts and basal epidermal layer than does
bmp2b (Fig 1C and Laforest et al., 1998).Misexpression of Chordin inhibits outgrowth of the
regenerating fin rays
To test the effects of BMP signaling inhibition on fin
regeneration, ray blastemas of the caudal fin were injected at
3 dpa with either chordin or EGFP plasmid constructs (Figs.
1D, E). chordin endogenous expression is undetectable by in
situ hybridization in fin regenerates between 3 and 6 dpa (data
not shown). We chose to perform injections at 3 dpa, a time
point corresponding to the onset of bmp2b and bmp6 expression
in the differentiating scleroblasts and the basal layer of the
epidermis. We previously showed that microinjection of
plasmid constructs in the fin regenerate was efficient in
transfecting blastema cells (Fig. 1D) and had no effect, by
itself, on the normal regeneration process (Quint et al., 2002).
Each ray was measured immediately before injection to ensure
that there was no significant length difference between dorsal
and ventral rays (Fig. 2A). Fin rays were then individually
measured 1, 2 and 3 days following injection. Injection of the
chordin construct in the blastemas of the ventral rays resulted in
a drastic reduction in ray length compared to EGFP-injected
rays in the dorsal half of the same fin 1 dpi (Fig. 2B). The length
difference was most noticeable in the outermost rays, likely
because these rays grow at a faster rate than the inner rays. The
percentage reduction in length of rays 1–6 (see Fig. 1E for ray
numbering) was calculated comparing the chordin to the
EGFP-injected halves. At 4 dpa, there was a 33% reduction in
length between ray 1 of the chordin-injected side and the
corresponding ray 1 on the EGFP-injected side (P<0.0001,
n=73) (Fig. 2G). The percentage difference decreased in more
inner rays but was significant in rays 2–5 [ray 2: 22% reduction
(P<0.0001, n=75), ray 3: 15% reduction (P<0.0001, n=73),
ray 4: 11% reduction (P<0.0001, n=76), ray 5: 6% reduction
(P<0.0001, n=76)], ray 6 showed no significant difference in
length. Length difference remained significant at 5 and 6 dpa
(Fig. 2H and data not shown). However, inhibition of BMP
signaling following chordin injection was transient and by 7 and
8 dpa the length difference between dorsal and ventral rays
became non-significant (data not shown). Following a double
injection of chordin at 3 dpa and 5 dpa, a more pronounced
reduction in ray length was observed 1, 2 and 3 days after the
second injection (Figs. 2D–F). These results indicate that
inhibition of BMP signaling at 3 dpa has a drastic effect on
regenerate outgrowth. A control group of fish, injected with the
EGFP construct in all rays, did not show any significant length
difference between the dorsal and ventral rays at 1 dpi (Fig. 2C)
and at 4, 5 and 6 dpi (red bars Figs. 2G, H, n=6). Therefore, the
delay in ray growth seen following chordin injection is a result
of BMP signaling inhibition and is not due to a difference in the
regeneration rate between the ventral and dorsal rays.
Chordin injection results in a decrease in proliferation of
blastema cells, correlating with a downregulation of msxB
expression
The lack of outgrowth observed following Chordin mis-
expression could be due to an inhibition of Bmp4 and Bmp6
Fig. 2. Effects of chordin injection on ray length. (A) Regenerating fin at 3 dpa immediately before injection showing that the lengths of the regenerating rays on the
dorsal and ventral sides are the same. (B) One day post injection (1 dpi) of chordin (ventral side, left side of the panel) and EGFP (dorsal side, right side of the panel)
constructs at 4 dpa, a size difference between the two sides is noticeable. (C) Control fin 1 day following injection of EGFP construct in all the fin rays shows no size
difference between the ventral and dorsal sides. (D–F) Pictures showing the same fin at different time points following injections at 3 dpa and 5 dpa (D: 6 dpa/1 dpi,
E: 7 dpa/2 dpi and F: 8 dpa/3 dpi). A pronounced length difference of the ventral versus dorsal fin rays is observed. (G, H) Percentage length difference of dorsal EGFP-
injected rays compared to ventral chordin-injected rays was calculated and plotted for rays 1–6 at 1 dpi (G) and 2 dpi (H) following a single injection of chordin (blue
bars). The most noticeable differences were observed in the outer rays. A control group of fish was injected with EGFP in all dorsal and ventral rays and plotted on the
same graph to show no significant difference in length between dorsal and ventral rays (red bars). Arrows indicate level of amputation. Scale bars: (A–F)=400 μm.
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fish were treated with BrdU for 16 h starting at 3 dpa,
immediately following plasmid injection. BrdU incorporation
into the DNA of proliferating cells was then detected by
immunostaining. Rays injected with chordin showed a
significant decrease in cells labeled with BrdU within the
blastema compared to EGFP-injected rays (Figs. 3A–C). The
mean number of proliferating cells detected in sections of
EGFP-injected rays (n=2 rays, 9 sections) was 98.1 compared
to the chordin-injected rays (n=4 rays, 20 sections) which had a
mean of 19.4 labeled cells within the blastema 2 days following
injection (Fig. 3C, P<0.0001). Bmp4 is known in other systems
to induce or upregulate the expression of the Msx1 home-
odomain transcriptional repressor, which is thought to maintain
cells in an undifferentiated state (Hu et al., 2001; Song et al.,
1992; Watanabe and Le Douarin, 1996). In zebrafish, both
msxB and msxC are expressed in the distal blastema of the finregenerate (Akimenko et al., 1995) and it has been proposed
that msxb-expressing cells specify the boundary of cell
proliferation and provide direction for regenerative outgrowth
(Nechiporuk and Keating, 2002). msxB and msxC expression
was found to be significantly decreased or completely down-
regulated in chordin-injected rays compared to EGFP-injected
rays (Figs. 3D, E and Supplementary Fig. 1, n=9 rays). These
results suggest that inhibition of BMP signaling causes a
downregulation of msx gene expression which may lead to a
corresponding decrease in blastema cell proliferation and fin
outgrowth.
Inhibition of BMP signaling results in a delay in bone
formation and scleroblast maturation or function
Staining with Alizarin red 6 dpi showed that Chordin
misexpression starting at 3 dpa resulted in the eventual
Fig. 3. Reduced cell proliferation and msxB expression following chordin construct injection. (A–B) Immunodetection of BrdU incorporation using an anti-BrdU
antibody on longitudinal sections of fin rays at 4 dpa, 1 day after EGFP (A) and chordin (B) injections. Fish were treated with BrdU for 16 h starting immediately after
injection. (C) For statistical purposes, BrdU labeled cells were counted on 20 sections of chordin-injected fin rays (n=4 rays) and 9 sections of EGFP-injected rays
(n=2 rays) and the mean number of BrdU positive cells was calculated for both groups and plotted on a graph (Chordin=19.4 cells, EGFP=98.1 cells). Student's t test
results indicate that injection of chordin significantly decreased the number of proliferating cells within the blastema (P<0.0001). (D–E) msxB gene expression on
whole-mount fins at 4 dpa, 1 day after EGFP (D) and chordin (E) injections. msxB expression in the distal blastema (D, arrowhead) is strongly reduced in chordin-
injected rays (E, arrowhead). b, blastema, e: epidermal layer, r: fin ray. Distal part of the regenerate is to the right (A, B) and to the top (D, E). Scale bars: (A, B)=
25 μm, (D, E)=100 μm.
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(1–6), with a most noticeable effect on the outermost three rays
(Fig. 4A). The effects of Chordin misexpression on the
differentiation or function of the scleroblasts were examined
using the Zns-5 antibody, a marker for all stages of scleroblast
differentiation (Johnson andWeston, 1995). As shown by Zns-5
expression in EGFP-injected rays, newly differentiated scler-
oblasts are localized along the border of the blastema in the
distal part of the regenerate (Figs. 4B, E, arrowheads in B).
Bone matrix is deposited at the interface between these new
scleroblasts and the epidermis. As the regenerate matures, i.e. in
more proximal regions of the regenerate, more mature
scleroblasts are found on both internal (Figs. 4B, D (red
arrows)) and external (Figs. 4B, D (black arrows)) surfaces ofthe bone, due to the migration of scleroblasts around the initial
bone template (Santamaria et al., 1992). Bone deposition by
scleroblasts surrounding the bone template accelerates bone
thickening. When compared to the EGFP-injected rays (Figs.
4B, D (black arrow), n=4 rays), chordin-injected rays showed a
decreased number of scleroblasts on the external surface of the
bone in the proximal part of the regenerate (Figs. 4C, F (black
arrow), n=4 rays). As a consequence of this decreased number
of scleroblasts, the bone in this region is less thick than in the
EGFP-injected rays (Figs. 4D, F; n=4 rays; (I) indicates bone
thickness). In other organisms, osteoblast maturation is
accompanied by a decrease in cell body size; it is estimated
that osteoblasts lose approximately 70% of their cell body
volume as they mature (Franz-Odendaal et al., 2006). Similarly,
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mature, proximal part of the regenerate have a more flattened
appearance compared to the newly differentiating scleroblasts
of the distal regenerate (Figs. 4D, E). In contrast, in the chordin-
injected rays, the scleroblasts on the internal surface in the
proximal part of the regenerate keep a round shape (Fig. 4F)similar to the newly differentiating scleroblasts located in the
distal part of the regenerate (Fig. 4G). These results suggest that
BMP signaling inhibition halts or slows down both outgrowth
of the regenerating fin, deposition of new bone matrix,
scleroblast maturation and migration of scleroblasts to the
external side of the developing lepidotrichia.
Fig. 5. Gene expression analysis using in situ hybridization on sections of 4 dpa
regenerates. The pictures are focusing on a portion of the distal part of the
regenerate taken at the same proximal–distal level and highlighting the common
expression of runx2a, runx2b, bmp6, bmp2b and ihha in the newly
differentiating scleroblasts. (A–B) The duplicate genes runx2a and runx2b are
expressed in the differentiating scleroblasts in an overlapping expression pattern
as seen on these adjacent sections (16 μm apart). (C) bmp6 is expressed in the
differentiating scleroblasts, the mesenchymal cells of the blastema and a subset
of cells of the basal epidermal layer. (D, E) bmp2b and ihha are similarly
expressed within differentiating scleroblasts. Dashed lines separate different cell
types within the fin regenerate. b, blastema; ble, basal layer of the epidermis; m,
mesenchyme; s, scleroblasts. Scale bars: (A–E) 12.5 μm.
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expression in differentiating scleroblasts during caudal fin
regeneration is downregulated in the absence of BMP
signaling, as well as the Runx2 downstream target Col10a1
We next examined the expression of known downstream
targets of BMP signaling in osteogenesis, and how their
expression is affected following Chordin misexpression.
Runx2/CBFA1 is known as an essential transcriptional
determinant of osteoblast differentiation and function, as well
as of chondrocyte maturation (Choi et al., 2002; Ducy et al.,
1997; Iwamoto et al., 2003; Karsenty et al., 1999; Kim et al.,
1999). In other systems, Runx2 is a direct downstream target
of BMP signaling (Afzal et al., 2005; Canalis et al., 2003;
Chen et al., 1998; Lee et al., 2000; Phimphilai et al., 2006; Wan
and Cao, 2005; Zaidi et al., 2002; Zhang et al., 2000).
Duplicated runx2 genes, runx2a and runx2b, have recently
been identified in zebrafish, and they are both expressed in
developing skeletal elements (Flores et al., 2004). In situ
hybridization on adjacent sections of regenerating fin rays
shows that runx2a and runx2b are expressed in the
differentiating scleroblasts in overlapping expression patterns
(Figs. 5A, B and Figs. 6A, C). These cells are located at the
same proximal–distal level as the scleroblasts expressing
bmp6, bmp2b and ihha (Figs. 5C–E). Following chordin
injection, we observed that the expression of the runx2a and
runx2b genes is downregulated (Figs. 6A–D, n=4 rays).
These results suggest that BMP factors are likely signaling
through the Runx2 transcription factors to activate scleroblast
differentiation or function.
One of the direct targets of Runx2 in mouse, chick and
human is the Type X Collagen gene (Col10a1), which is
expressed in hypertrophic chondrocytes and whose promoter
contains multiple Runx2 binding sites (Ninomiya et al., 1986;
Shen, 2005; Zheng et al., 2003). We recently characterized the
zebrafish orthologue of the mammalian col10a1 gene and
showed that, during fin regeneration, col10a1 expression is
detected in the scleroblasts lining both sides of the proximal
lepidotrichia and also in the distal newly differentiating
scleroblasts and basal layer of the epidermis (Padhi et al.,
2004). Comparison of col10a1 expression pattern between
chordin- and EGFP-injected fin rays shows that, 1 dayFig. 4. Morphology of the fin rays following chordin injection. Comparison of the ossification progression using Alizarin red staining in rays 1, 2 and 3 of the EGFP
and chordin-injected lobes at 9 dpa/6 dpi shows a reduction of matrix mineralization in chordin-injected rays. (B–G) Immunodetection of the scleroblasts using the
Zns-5 scleroblast-specific antibody on longitudinal sections of fin regenerates at 5 dpa, 2 days after injection of EGFP (B, D, E) and of chordin (C, F, G). (B) In the
control rays at 5 dpa, newly differentiating scleroblasts (arrowheads) in the distal region (dashed box on the right side of the panel) are located on the internal surface
of the bone matrix while more mature bone secreting cells are found on the internal (red arrow) and external (black arrows) surfaces of the proximal lepidotrichia
(dashed box on the left side of the panel). (C) chordin-injected regenerate at 5 dpa shows fewer mature scleroblasts on the external surface of the proximal
lepidotrichia (black arrow) and is shorter in length compared to the control regenerate. (D–G) Higher magnification of the dashed boxes shown in panels B and C;
(D, E) proximal and distal regions, respectively, of the control EGFP-injected rays and (F, G) proximal and distal regions, respectively, of the chordin-injected rays.
Note the reduced number of mature scleroblasts on the external surface of the proximal part of the lepidotrichia (F) when compared to the control ray (D); the
flattened shape of the scleroblasts on the internal and external surfaces of the lepidotrichia only observed in the proximal part of the regenerate of the control EGFP-
injected rays; the reduced bone thickness observed in the proximal part of the regenerate of chordin-injected rays (F) when compared to the corresponding region of
the control ray (D) as indicated by the bars [I]; and the absence of bone matrix in the distal part of the chordin-injected rays (G) compared to the corresponding region
in the control ray (E). Arrows in panel A and solid lines in panels B and C indicate the level of amputation. Arrowheads in panels B and C indicate newly
differentiating scleroblasts L, lepidotrichia; s, scleroblasts; b: blastema. Distal part of the regenerate is to the top (A) and to the right (B–G). Scale bars: (A)=100 μm,
(B, C)=25 μm, (D–G)=50 μm.
Fig. 6. Gene expression analysis using in situ hybridization on whole-mount and longitudinal sections of EGFP (A, C, F, H, J) and chordin-injected rays (B, D, G, I, K)
at 4 dpa/1 dpi. (A–D) runx2a and runx2b are both expressed within newly differentiating scleroblasts (arrowheads in panels A and C) in control regenerates and are
both downregulated following chordin injection (B, D). (E–F) col10a1 expression on whole-mount 3 dpa regenerate (E) and 4 dpa regenerate 1 day following EGFP
construct injection (F). At 3 dpa col10a1 is already strongly expressed in the entire fin ray and presents a stronger expression in the distal part of the regenerate. At
4 dpa/1 dpi, in the EGFP-injected fin rays, a similar strong expression is observed with a broad domain in the distal part of the regenerate. (G) In contrast, in the
chordin-injected rays, col10a1 expression at 4 dpa/1 dpi is reduced and observed in a more restricted domain in the distal part of the regenerate. (H, I) ihha expression
in the distal scleroblasts (arrowheads) of EGFP-injected rays (H) is unaffected in chordin-injected rays (I). (J, K) shh expression in the basal epidermal layer is
unchanged in both EGFP (J) and chordin-injected rays (K). Asterisks in panels J and K indicate blood vessels. b, blastema; ble, basal layer of the epidermis; s,
scleroblasts. Distal part of the regenerate is to the right (A–D, H–K) and to the top (E–G). Arrows indicate level of amputation. Arrowheads show expression of
col10a1 in each ray in panels E–G. Scale bars: (A–D, H–K)=25 μm, (E–G)=100 μm.
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diminished and its domain of expression reduced (Figs. 6F, G;
n=9). We did not observe a complete downregulation of
col10a1 probably because, at the time of injection (3 dpa), this
gene is already highly and broadly expressed in the fin
regenerate (Fig. 6E). These results indicate that col10a1 is a
downstream target of the BMP signaling pathway involved in
bone regeneration and is possibly regulated by the Runx2
transcription factors.Fig. 7. (A–F) In situ hybridization on longitudinal sections of 4 dpa fin regenerates
expressed in the mesenchyme of the blastema, in a few cells of the basal layer of the
following injection of chordin, sox9a expression is downregulated. (C) sox9b is ex
(arrow). (D) sox9b expression is unaffected in chordin-injected rays at 1 dpi. (E) col2
(white arrowheads), the mesenchyme of the blastema and faintly in the basal epi
scleroblasts and mesenchyme following chordin injection but is still present in cells s
the regenerate is devoid of any cartilage cells although staining is observed in the le
epidermis, b, blastema; s, scleroblasts. Distal part of the regenerate is to the right. Sindian hedgehog a (ihha) and sonic hedgehog (shh) expression
are not affected by Chordin misexpression
Many studies have shown that Ihh regulates several aspects of
endochondral ossification (Long et al., 2004; St-Jacques et al.,
1999). To test a possible interaction between BMP and Ihh
signaling, we examined the effects of Chordin misexpression on
ihha expression in newly differentiating scleroblasts in the fin
regenerate. One day following chordin injection, ihha expres-showing sox9a (A, B), sox9b (C, D) and col2a1 (E, F) expression. (A) sox9a is
epidermis (arrow) and in newly differentiating scleroblasts (asterisk). (B) 1 day
pressed in cells of the basal epidermal layer in the distal part of the regenerate
a1 is strongly expressed in the scleroblasts, in cells surrounding the actinotrichia
dermal layer (arrow). (F) col2a1 expression is partially downregulated in the
urrounding actinotrichia (white arrowheads). (G) Alcian blue staining shows that
pidotrichial material and in a few mucous cells (arrows). ble, basal layer of the
cale bars: (A–G)=25 μm.
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pared to control rays even though the chordin-injected rays had
grown minimally since the day of injection (Figs. 6H, I; n=4
rays). These results suggest that ihha is not a downstream target
of the Bmp2b signaling pathway during fin regeneration. We
previously showed that shh is co-expressed with bmp2b in a
subset of cells of the basal epidermal layer adjacent to the
differentiating scleroblasts expressing ihha and bmp2b (Avaron
et al., 2006; Laforest et al., 1998). We also showed that, as with
Bmp2b, misexpression of Shh between fin rays leads to ectopic
bone formation. However, misexpression of both Shh and
Chordin, an antagonist of BMP signaling, fails to produce any
bone fusion, therefore suggesting that Bmp2b signaling is acting
downstream of Hedgehog signaling (Quint et al., 2002). Here we
show that, as in the case of ihha, expression of shh (Figs. 6G, H)
and ptc-1 (data not shown) following chordin injection is
unchanged at 1 dpi, corroborating our previous findings that Shh
signaling is acting upstream of the BMP pathway in the fin
regenerate (Quint et al., 2002).
The cartilage markers Sox9a, Sox9b and Col2a1 are expressed
in the regenerating fin and the sox9 genes appear to be
regulated by different pathways
We observed the expression in the fin regenerate of two
genes, ihha and col10a1, previously described as only being
involved in endochondral bone formation (Avaron et al., 2006;
Padhi et al., 2004). We examined whether other genes associated
with cartilage formation would also be expressed in the
regenerate and regulated by BMP signaling. Sox9 is the earliest
marker for cells committed to chondrogenesis and is a key
transcription factor mediating chondrocyte differentiation and
cartilage formation (Bi et al., 1999; Yan et al., 2005; Yoon and
Lyons, 2004). In zebrafish, there are two duplicate orthologues
of the single human Sox9 gene, sox9a and sox9b. Their
expression during embryogenesis partially overlaps in the
craniofacial region and fin buds (Chiang et al., 2001). In the
fin regenerate, sox9a expression is observed at 4 dpa in the
proliferating blastema, in localized cells of the basal epidermal
layer and in a few newly differentiating scleroblasts but is
excluded from the more mature or more proximal scleroblasts
(Fig 7A). sox9b expression, on the other hand, is specifically
detected in the basal epidermal cell layer of the distal part of the
regenerate (Fig. 7C). Expression of col2a1, a known cartilage-
specific extracellular matrix protein which is regulated by Sox9
(de Crombrugghe et al., 2000), has previously been reported in
the regenerating fin (Johnson and Weston, 1995). Similarly, we
detected col2a1 expression in the scleroblasts, undifferentiated
blastema cells and also a very strong expression in cells that
appear to line the actinotrichia (Fig. 7E, white arrowheads). A
weak expression of col2a1 is sometimes seen in the basal
epidermal layer depending on the level of the section (arrow in
Fig. 7E). col2a1 transcripts co-localize with sox9a in the
scleroblasts, blastema cells and in some cells of the basal
epidermis, whereas sox9b expression in the basal epidermal cell
layer is much broader than that of col2a1 and therefore may have
a separate role than Sox9a in regulating col2a1 expression.These results indicate that col2a1 expression in the regenerate
may be in part regulated by Sox9a and Sox9b, as during cartilage
formation.
To gain insight into the regulation of the sox9 and col2a1
genes during fin regeneration, we examined the effect of ectopic
Chordin expression on sox9a, sox9b and col2a1 expression.
While BMP signaling inhibition did not affect sox9b expression
(Figs. 7C, D), sox9a expression was highly reduced following
chordin injection (Figs. 7A, B) suggesting a differential
mechanism of regulation of the duplicated sox9 genes in the fin
regenerate. We next looked at the effect of BMP signaling
inhibition on the expression of col2a1 since it is known to be
regulated by Sox9 during cartilage formation. We found that
col2a1 expression was diminished within the blastema and also
in the scleroblasts (Figs. 7E, F). The expression in the cells lining
the actinotrichia was still present (white arrowheads, Fig. 7F). It
is very likely that these cells are producing the extracellular
matrix composing these actinotrichia which are fibrils strictly
specific to fish and involved in structural support. It is therefore
possible that col2a1 expression in these cells may be controlled
by a yet uncharacterized regulatory mechanism. Furthermore, the
strong expression of col2a1 in these cells prior to injection at
3 dpa makes it difficult to completely downregulate its
expression 1 day after injection using our transfection approach.
Therefore, Sox9a is at least partly regulating col2a1
expression within the fin regenerate as it does during cartilage
formation. To ensure that no cartilage cells are present within
the regenerate, sections of 4 dpa regenerates were stained with
Alcian blue, a marker for glycosaminoglycans abundant in
cartilage cells. We found no evidence of Alcian blue stained
cells in the fin regenerate although the dermal bone matrix
faintly stains blue (Fig. 7G). These results indicate that, in the
regenerating fin, cartilage specific markers are expressed in
cells that secrete a matrix that will form dermal bone and some
are regulated by BMP signaling. Using RT-PCR on cDNA
isolated from the caudal fins of 30-day-old larvae, we found that
all of the genes examined in this study, those specific to both
bone and cartilage formation, are expressed during development
of the larval fin rays and regeneration of the adult fin rays
(Supplementary Fig. 2).
Discussion
In this report, we performed a functional analysis of the BMP
signaling pathway in bone regeneration by partially character-
izing the zebrafish bmp6 cDNA and investigating the effects of
BMP signaling inhibition by ectopic expression of Chordin in
the blastema of regenerating rays. Inhibition of BMP signaling
has two major and distinct consequences: it drastically slows
down (1) the growth of the regenerate and (2) the function of the
scleroblasts secreting the bone matrix. The downregulation of
runx2a and runx2b gene expression in the scleroblasts
following BMP signaling inhibition demonstrates that the
observed skeletal defects are not simply due to the delayed
outgrowth of the fin regenerate, which is likely caused by an
inhibition of blastema cell proliferation. This study provides a
more detailed exploration of the role of BMP signaling during
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regenerate and bone formation. We have also demonstrated
that many cartilage specific markers are expressed within the
bone secreting scleroblasts and the proliferating blastema of the
fin regenerate where no cartilage is present.
Morphological effects of inhibiting the BMP signaling pathway
on bone regeneration
In the absence of BMP signaling, bone mineralization was
delayed and the number of scleroblasts on the lateral edges of
the regenerating bone was decreased. The thickness of the bone
was especially reduced in the proximal-most region of the
regenerate where very high densities of differentiated sclero-
blasts are observed in control regenerates. Our data suggest that
the reduced amount of bone material is likely due to reduced
differentiation or maturation of the scleroblasts, a defect in
their function to secrete bone matrix and in their migration to
the outer side of the lepidotrichia, which is part of their
maturation process. This is consistent with previous studies in
other organisms that showed that BMP signaling is required in
both osteoblast differentiation and function (Canalis et al.,
2003; Rickard et al., 1994; Thies et al., 1992; Wan and Cao,
2005; Yamaguchi et al., 1991). It has been demonstrated
following tissue specific downregulation of BMP signals in
transgenic mice overexpressing Noggin in osteoblasts that they
have a reduced bone mineral density and reduced rate of bone
formation (Devlin et al., 2003; Wu et al., 2003). In addition,
transgenic mice expressing dominant-negative BMPR-IB
under the control of the Col1a1 promoter have signs of
osteopenia which include reduced bone mineral density, bone
volume and bone formation rates (Tsumaki and Yoshikawa,
2005; Zhao et al., 2002). Differentiation of osteoblasts
prepared from these mice was disrupted as indicated by
reduced Runx2 expression and mineralization (Tsumaki and
Yoshikawa, 2005). The present analysis provides evidence that
BMP signaling is required for scleroblast differentiation and
function in the fin rays as seen in other organisms.
BMP signaling in blastemal proliferation and fin outgrowth
Inhibition of BMP signaling slows down the outgrowth of
the regenerating fin, and this is accompanied by a down-
regulation of msxB expression in the distal blastema. This effect
could be interpreted as a direct disruption of Bmp4 signaling in
the distal blastema of regenerating fins (Murciano et al., 2002).
Bmp4 can induce Msx1 expression in several developing
vertebrate systems (Watanabe and Le Douarin, 1996), and the
direct action of BMP on Msx1 gene expression is further
supported by the presence of Smad binding sites in the promoter
of the mouse Msx1 gene (Alvarez Martinez et al., 2002). Beck
et al. demonstrated that BMP signaling is important for
regeneration of all tissues of the larval Xenopus tail and that
transgenic tadpoles expressing Msx1 under the control of a
HSP70 promoter were able to regenerate their tail when heat
shocked at a stage where regeneration would not normally
occur, suggesting that the Msx1 gene is likely to be the maintarget of BMP signaling in this case (Beck et al., 2003). On the
other hand, a study examining the role of BMP4 and Msx1/2 in
fetal mouse digit tip regeneration demonstrated that Msx1 and
BMP4 are necessary for regeneration but that Msx1 is likely
acting upstream of BMP4 (Han et al., 2003). msxB and msxC
are both expressed in the distal blastema of the fin regenerate
(Akimenko et al., 1995) in a domain that overlaps with a
population of cells that present a very reduced cell cycling
(Nechiporuk and Keating, 2002). These cells have been
proposed to constitute a population of progenitor cells for the
more proximal part of the blastema which, in contrast to the
distal blastema cells, is highly proliferative and assures the
growth of the regenerate (Nechiporuk and Keating, 2002).
Therefore, downregulation of msxB and msxC in the distal
blastema could affect this cell population in a way that would
prevent maintenance of the blastema and would cause the
inhibition of the regeneration process. To date, it has not been
possible to clearly correlate any of the zebrafish msx genes to
the mammalian Msx1, Msx2 and Msx3 genes (Akimenko et al.,
1995). The expression patterns of msxB and msxC are
reminiscent of the expression described for Msx1 in the
developing limb bud.
The BMP molecular pathway during ray regeneration
In higher vertebrate species, members of the BMP family
have been shown to regulate osteoblast differentiation and bone
formation through a direct downstream effector, Runx2/Cbfa1,
which is essential for the transcription of bone specific genes
(Banerjee et al., 1996; Canalis et al., 2003; Ducy et al., 1997,
1999; Karsenty, 2001; Kern et al., 2001).
Runx2 null mice are completely devoid of any mineralized
skeletal elements, from both dermal and endochondral origins
(Ducy et al., 1997; Eames et al., 2004; Komori, 2005; Komori et
al., 1997; Otto et al., 1997). In addition, many studies have
shown that Runx2 also regulates chondrocyte differentiation
(Enomoto et al., 2000; Inada et al., 1999; Iwamoto et al., 2003;
Karsenty, 2001; Ueta et al., 2001). In zebrafish, the two
duplicated runx2 genes, runx2a and runx2b, show complemen-
tary expression patterns within the developing head skeleton of
larvae (Flores et al., 2004). Our analysis revealed that, during
the outgrowth phase of the fin regenerate, both runx2a and
runx2b transcripts are expressed with bmp2b and bmp6 in the
scleroblasts and Chordin ectopic expression results in the
downregulation of runx2a and runx2b expression. Altogether,
these results support the hypothesis that BMP signaling is
regulating the expression of runx2a/2b that, in turn, are likely
mediating scleroblast differentiation and function by inducing
downstream targets involved in bone development.
Collagen X is one of the known downstream targets of
Runx2 in other organisms (Ninomiya et al., 1986; Shen, 2005;
Zheng et al., 2003). In mouse hypertrophic chondrocytes,
Col10a1 expression is regulated by BMP signaling through the
Runx2 transcription factors. Zheng et al. demonstrated, using in
vitro and in vivo studies, that Runx2 directly transactivates
Col10a1 transcription through multiple binding sites found in
the promoter of the mouse, human and chick Col10a1 gene
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scleroblasts of the fin regenerate, and here we show that its
expression decreases following BMP signaling inhibition. This
reduced expression of col10a1 in the absence of BMP signaling
is probably due to the loss of runx2a and runx2b expression and
correlates with the smaller number of fully differentiated
scleroblasts.
The BMP and Ihh signaling pathways interact, both directly
and indirectly, during various steps of endochondral bone
formation (Seki and Hata, 2004; Yoon and Lyons, 2004). In
mouse, BMP and Ihh signaling act in parallel to maintain
normal chondrocyte proliferation while BMP signaling seems
to modulate the expression level of Ihh during chondrocyte
differentiation (Minina et al., 2001). Runx2 directly induces the
expression of Ihh, which is a positive regulator of chondrocyte
proliferation (St-Jacques et al., 1999). Ihh also mediates
osteoblast differentiation within the perichondrium. In both
mouse and chick, overexpression of Ihh results in the
upregulation of Bmp2 and Bmp4 within the perichondrium
(Minina et al., 2001; Pathi et al., 1999). In addition, analyses of
Ihh−/− mouse have shown that Ihh is essential for Runx2
expression in the perichondrial/periosteal region (St-Jacques et
al., 1999). Runx2 can directly induce Ihh in chondrocytes,
coordinating their proliferation and differentiation and therefore
regulating the growth of the long bone. Our study shows that
ihha expression in the newly differentiating scleroblasts is
unaffected by BMP signal inhibition, therefore suggesting that
BMP and Ihha signaling pathways may act in parallel. It is also
possible that Ihha signaling is acting upstream of BMP in a
similar way as in the chick and mouse perichondrium (Pathi et
al., 1999). We have previously shown that ectopic expression of
Shh between ray branches causes BMP-mediated ectopic bone
deposition (Quint et al., 2002), and we have now demonstrated
that Shh is unaffected by BMP inhibition. These results suggest
that Hh signaling within the fin regenerate may be acting
upstream of BMP signaling to mediate bone formation.
Differential regulation of sox9a and sox9b expression in the
regenerating fin
The expression patterns of the zebrafish duplicated sox9
genes and the phenotypes of single and double mutants indicate
that Sox9a and Sox9b have unique functions in the development
of certain tissues (Chiang et al., 2001; Yan et al., 2002, 2005).
The study of duplicated genes of zebrafish, such as the sox9
genes, where subfunctionalization of the original genes function
has occurred, provides many advantages for dissecting the
mechanisms of regulation of these genes. Interestingly, sox9a
and sox9b tissue distribution within the fin regenerate, in the
mesenchymal cells of the blastema and in the basal epidermal
layer surrounding the blastema, respectively, is reminiscent of
the expression seen in the branchial arches of the zebrafish
embryo where sox9a is expressed in the arch mesenchyme
which will contribute to the arch cartilage, while sox9b is
restricted to the epithelium that surrounds each arch. These
differential expression patterns suggest that sox9a and sox9b
could be regulated by different pathways in the fin regenerate.To date, little is known about the key regulators of Sox9 gene
expression. The few positive regulators that have been
identified are members of the fibroblast growth factor
(Murakami et al., 2000), bone morphogenetic (Semba et al.,
2000; Zehentner et al., 1999) and hedgehog family of proteins
(Tavella et al., 2004). For example, Healy et al. demonstrated
that exogenous application of Bmp2 to avian limbs resulted in
an upregulation of Sox9, which was then followed by ectopic
cartilage formation. They also showed that ectopic expression
of the BMP antagonist Noggin in the limb resulted in loss of
Sox9 expression from developing digits (Healy et al., 1999).
These results indicate that Sox9 expression during chondrogen-
esis is dependent on BMP signaling. The expression of sox9a in
the blastema of the fin regenerate and its downregulation
following Chordin misexpression indicates that it is likely
regulated by BMP signaling, possibly bmp6 which has a similar
expression pattern as sox9a. sox9b expression, on the other
hand, is not downregulated following BMP inhibition and is
therefore likely being regulated by a different pathway. Shh has
previously been shown to regulate Sox9 in other organisms and
tissues. For example, Sox9, which plays a role in the
differentiation of the outer root sheath of the hair follicle and
in formation of the hair stem cell compartment, is acting
downstream of Shh signaling (Vidal et al., 2005). The
expression of both Shh and Sox9 in the outer root epithelial
sheath, a continuation of the basal layer of the epidermis, is
reminiscent of the co-expression of shh and sox9b we observe
in the basal epidermal layer in the fin regenerate. Interestingly, a
similar co-expression of sox9b and shh is observed in the
epithelial sheath surrounding the branchial arches in the
developing zebrafish (Crump et al., 2004; Yan et al., 2005). It
is therefore possible that sox9b expression in the fin regenerate
may be regulated by Hh signaling.
Endochondral vs. intramembranous ossification
Skeletal elements are made via two different mechanisms:
intramembranous or endochondral ossification (Eames et al.,
2003; Hall, 2001; Hall and Miyake, 1992, 1995, 2000; Mariani
and Martin, 2003; Nakashima and de Crombrugghe, 2003). In
zebrafish, several bones of the craniofacial skeleton, parts of the
pectoral appendage and the fin exoskeleton form by intramem-
branous ossification (Flores et al., 2004; Kang et al., 2004; Yan
et al., 2005). In contrast, most of the axial and appendicular
skeletons of all species including zebrafish are formed through
endochondral ossification (Hall and Miyake, 1992; Nakashima
and de Crombrugghe, 2003; Olsen et al., 2000). Both types of
skeletogenesis begin when a subset of mesenchymal cells
receives signals to form either bone or cartilage (Eames et al.,
2003; Yan et al., 2005). It has been proposed that the fate of
skeletal tissue can be predicted by the expression level of
transcription factors at the time of mesenchymal condensation
(Eames et al., 2004). Sox9 has been shown to promote
chondrogenesis, whereas Runx2 promotes both osteogenesis
and cartilage formation (Bi et al., 1999; Ducy et al., 1997;
Iwamoto et al., 2003; Kim et al., 1999). In our study we found
the expression of both duplicated runx2 and sox9 genes in
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differentiating scleroblasts. Other molecular markers can also
define the different modes of bone formation: cartilage cells
express ECM components Col2a1 and Col10a1 and the
signaling molecules Bmp6 and Ihh, whereas osteoblasts
specifically express Col1a1, Bmp2, 4 and 6 (Eames et al.,
2004). Our results combined with those reported in Avaron et al.
demonstrate that many genes previously associated with
endochondral bones are expressed in the regenerating fin rays
which form directly by intramembranous ossification (Avaron
et al., 2006; Geraudie and Landis, 1982). Examples of genes
strictly associated with endochondral bone formation expressed
within the regenerate include sox9a, sox9b, ihha, col10a1 and
col2a1, whereas other genes that define intramembranous
ossification are also expressed and include runx2a, runx2b,
osteonectin and col1a1 (this study and Avaron et al., 2006;
Johnson and Weston, 1995; Padhi et al., 2004). These studies
suggest that the bone of the fin rays does not fit into the typical
molecular classification, at the level of the transcription factors,
secreted signalling molecules or ECM components which are
expressed during their formation. These observations indicate
that either the bone of the zebrafish fin rays may be an
intermediate between endochondral and intramembranous type
of bone or intramembranous bone formation is not as simple as
originally thought and may involve many of the genes
previously only associated with endochondral bone formation.
In support of the first hypothesis, histological studies have
shown that teleosts have several types of cartilage that are
absent from higher vertebrates species, many of these tissues
having intermediate properties between cartilage and bone
(Benjamin and Ralphs, 1991; Benjamin et al., 1992; Huysseune
et al., 1988; Smith and Hall, 1990; Witten and Hall, 2002). Type
II collagen, characteristic of hyaline cartilage, has been
immunodetected in bone of 5 of 12 species of teleosts examined
(Benjamin and Ralphs, 1991). The involvement of type II
collagen in bones of teleosts (Benjamin and Ralphs, 1991) and
of Sox9b in the formation of some intramembranous bones in
young zebrafish larvae (Yan et al., 2005) further argues for
some specificity in the regulation of certain bone formation in
zebrafish, at least, compared to higher vertebrate species. On
the other hand, the recent finding that Sox9 is expressed in the
common precursors of the mouse chondrogenic and osteo-
genic progenitors (Akiyama Ddagger et al., 2005) suggests
that many aspects of bone, and more specifically, intramem-
branous bone ontogeny remain to be uncovered.
BMP signaling has been shown to regulate many aspects
of both bone and cartilage formation through distinct cascades
of downstream signals. Here, we showed that Bmp2b and
probably Bmp6 are involved in the regeneration of the fin
exoskeleton and appear to regulate the expression of sox9a,
runx2a, runx2b and col10a1. We unexpectedly found that
components of the molecular pathways originally thought to
either instruct chondrocyte or osteoblast differentiation and
function are present, even though within the regenerate there
are no cartilage cells detectable by Alcian blue staining. The
fin regenerate being easily accessible to both surgical and
molecular manipulations represents an ideal model to furtherinvestigate the nature of the lepidotrichia and the mechanisms
of dermal bone formation and regeneration.
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